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Thesis Abstract

The CpG island methylator phenotype-high (CIMP-high) subtype of colorectal

cancer (CRC) is characterized by widespread hypermethylation in the CpG islands of

DNA promoters. Our previous study demonstrated that CIMP-high was not associated

with poor prognosis in early-stage CRC but an independent prognostic factor in Stage 4

CRC in a multivariate analysis model. Among patients with early-onset CRC (EOCRC)

diagnosed before 50 years old (y/0), the frequency of CIMP-high was 14.3%,

significantly higher than that in the Western population (5%). Thus, we collected

specimens from patients with CRC and analyzed the clinicopathologic characteristics

and CRC risk factors of patients during 2016-2019. We analyzed the tumor’s

KRAS/NRAS mutations, BRAF V600E mutation, microsatellite instability (MSI), and

CIMP. The results revealed that CIMP-high tumors represented 15.7% (14/89) in

EOCRC and 15.2% (31/204) in late-onset CRC (LOCRC, diagnosed at 50 y/o or older),

respectively. In addition, we observed that in a multivariate analysis, a high body mass

index (BMI) of > 27.5 kg/m? was significantly correlated with CIMP-high CRC in those

younger than 50 yrs. These findings validated that the frequency of CIMP-high CRC in

EOCRC is high in Taiwan and demonstrated the significant association between these

tumors and a high BMI.

doi:10.6342/NTU202300311



We previously demonstrated the significant prognostic role in late-stage BRAF

V600E mutant CRC but not in early-stage tumors. We hypothesized that immune

contextures in the tumor microenvironment of BRAF V600E mutant CRC have

prognostic implications in CRC. We enrolled 54 patients with untreated, metastatic

microsatellite-stable BRAF' V600E-mutated CRC and analyzed the expression of

immune-related genes in these tumors. The results showed that many complement genes

were associated with patient’s survival outcomes. We developed a complement score

and observed that BRAF V600E-mutated CRC with a high complement score was

associated with shorter progression-free survival and overall survival compared to that

with a low complement score. Finally, we identified that complement scores were

significantly associated with M2 macrophage signatures. This may contribute to the

phenomenon that tumors with a high complement score are associated with poor

survival.

Therefore, our study indicates different incidences of CIMP-high CRC in Eastern

and Western populations, and reminds the importance of a proper BMI (<27.5 kg/m?)

for Taiwanese population. The findings in our study could provide insight into

developing novel treatments for BRAF V600E mutant CRC.

Vi
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Chapter 1. Background
1.1The Epidemiology and Carcinogenesis of Colorectal Cancer

Globally, colorectal cancer (CRC) ranks third in cancer incidence and second in
cancer mortality!. There were estimated more than 1.9 million new CRC cases and
930,000 deaths due to CRC in 2020. CRC is more common in countries with very
high/high Human Development Index (HDI) than those with low/medium HDI. The
highest incidence of CRC is noted in European countries, Northern America, Australia,
and New Zealand followed by Eastern Asia. CRC incidence is still increasing steadily
in most countries but has declined for years in the United States, Canada, Australia, and
New Zealand, probably related to different screening programs?. In Taiwan, CRC
incidence has increased in the past 30 years, and CRC has been the leading type of
cancer in newly diagnosed cases for more than 14 years (Figure 1)*#. In 2019, more
than 17,000 patients were diagnosed with CRC, among whom 6,400 died.

Based on epidemiologic studies, risk factors of CRC include family histories of
patients with CRC, inflammatory bowel disease (IBD), diabetes mellitus (DM), obesity,
sedentary lifestyle, cigarette smoking, and excessive consumption of red meat and

alcohol °. These risk factors may present together and have different relative risks for
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CRC. The highest relative risk is related to the histories of patients with CRC in their

first-degree relatives and people with IBD (relative risk more than 2). Taylor et al.

analyzed a population-based resource with 2,327,327 people included in three or more

generations of family histories®, among whom 10,556 had CRC. The relative family risk

for CRC in those with affected first-degree relatives was 2.05. Jess et al. performed a

meta-analysis of 8 population-based studies to calculate the relative risk of CRC in

patients with ulcerative colitis (UC)’. They demonstrated that UC increases the risk of

CRC up to 2.4 folds. Other risk factors are generally modifiable and contribute to lower

relative risk (mostly between 1.2-2.0) but are associated with a bigger disease burden in

the world>.

1.1.1 Carcinogenesis and Epigenetics in CRC

Many risk factors, such as DM and obesity, are associated with metabolic

dysregulation attributed to aberrant epigenetic regulation of gene expression, which can

be adaptive and responsive to environmental exposures®. In the Dutch Hunger Winter

cohort, the investigators recruited the residents who experienced World War II in

different regions of Dutch and followed up on the development of cancer’. The

individuals who lived in the Western urban regions experienced the highest energy
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restriction (rationing < 700 kcal per day, 1944-45) in their childhood; their adolescence

was associated with less CRC incidence than those in other regions. The molecular

subtype that was substantially decreased in CRC incidence was CpG island methylator

phenotype (CIMP), which was characterized by diffuse hypermethylation in CpG island

throughout the genomes!'?. One study analyzed genome-wide methylation in the whole

blood of two groups of baboons living in different areas and having different resources

(wild feeding vs. lodge feeding). Famine exposure was associated with the most

differentially methylated regions in the key gene, phosphofructokinase platelet (PFKP),

in the glycolysis pathway between these two groups of baboons!!. Inspired by these two

studies, we collected CRC tumors and the adjacent normal colon tissues and analyzed

their differentially methylated genes (DMGs) by genome-wide methylation array. We

focused on the genes in the glycolysis pathway and compared our results to three open

datasets: GSE42752, GSE25062, and the Cancer Genome Atlas (TCGA). We found that

multiple loci were involved in Hexokinase containing domain 1 (HKDC1)

(hypomethylation) and Aldehyde dehydrogenase 1 family member A3 (ALDHI1A3)

(hypermethylation)!2. The results warrant further study to explore the roles of these two

DMGs in CRC development.
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1.2 The Prognostics of CRC: Tumor Cells

CRC is a heterogeneous disease associated with many genetic and epigenetic

alterations. Among these molecular alterations, some have prognostic implications. The

common examples of molecular prognostic markers in CRC are listed below.

KRAS and NRAS mutation

The RAS-RAF-MEK-ERK pathway is one of the most common deregulated

pathways in human cancers'3. It mediates many important cellular signals, such as

growth, proliferation, and senescence. Activating RAS point mutations could activate

the RAS-RAF-MEK-ERK pathway and occur in about 30% of human cancers'*. There

are three human RAS genes: KRAS, NRAS, and HRAS. According to several studies,

mutations in KRAS exon 2-4 and NRAS exon 2-4 accounted for 50% of metastatic CRC

and were both negative predictors for the efficacy of anti-EGFR antibody!*>!”. RAS

mutations also have prognostic implications in metastatic CRC. In the TRIBE study,

which compared the combination of bevacizumab and FOLFOXIRI and the

combination of bevacizumab and FOLFIRI as the first-line treatment in metastatic

CRC, the median overall survival (OS) in the group of patients with R4S mutant was

shorter than that in the group of patients with RAS/BRAF wild type '%. In another study,
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Modest et al. performed a pooled analysis of five randomized clinical trials and enrolled
1,239 patients with metastatic CRC, among whom 462 patients had KRAS mutations, 39
had NRAS mutations, and 74 had BRAF mutations. Patients with KRAS mutations had
significantly shorter OS and progression-free survival (PFS) than those with RAS/BRAF
wild-type tumors!®. Tumors with KRAS G12C and KRAS G 13D were significantly
correlated with shorter OS than tumors with RAS/BRAF wild type, and KRAS G12D and
KRAS G128 did not have a prognostic association. The prognostic roles of NRAS
mutations are still controversial. NRAS mutations in tumors had no significant
prognostic impact in Modest’s study but were associated with shorter OS compared to
the wild-type NRAS in tumors in another study!®-2°.
BRAF mutation

BRAF is also involved in the RAS-RAF-MEK-ERK pathway?!. Mutant BRAF
proteins contribute to elevated kinase activity independent of the upstream RAS
signaling. Somatic BRAF mutations in human cancers were first reported in 2002, and
in that report, BRAF mutations accounted for 12% of CRC?'. BRAF mutations represent

about 4.7-8.7% of metastatic CRC; this type of tumor is significantly associated with

more proximal colon cancer, high microsatellite instability, peritoneal metastases, and
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distal lymph node metastases but fewer lung metastases?>?*, Many studies reported that

BRAF mutations significantly predicted poor survival in patients with metastatic CRC,

and those with BRAF mutant CRC had a median OS of 11-14 months?3*; V600E

mutation was the most frequent and contributed to poor prognosis. Non-V600E BRAF

mutations accounted for 2.2% of metastatic CRC, and patients with non-V600E BRAF

mutations had an excellent prognosis®®. In Taiwan, Tsai et al. reported that there was a

high frequency (11/59, 19%) of BRAF V600E mutations in very young patients (< 30

y/o) with CRC and patients with BRAF' V600E mutations had shorter survival than

patients with wild type BRAF?°. Our team previously demonstrated that BRAF

mutations had a paradoxical role in the prognosis of the early and late stages of CRC?’.

In the late stage of CRC, BRAF V600E mutation was an independent prognostic factor,

while in the early stage of CRC, BRAF V600E mutation had no impact on prognosis.

The mechanism contributed to the paradoxical role in the prognosis of different stages

of CRC with the BRAF V600E mutation is unknown. We hypothesize that the immune

contexture in the tumor microenvironment (TME) may play an important role. The

prognostic implication of the immune contexture in TME will be described in detail in

the next section.
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Mismatch repair deficiency and microsatellite instability-high

Mismatch repair deficiency (AIMMR) represents defects in DNA mismatch repair
function due to germline mutations or hypermethylation of one of the mismatch repair
genes (MLHI, PMS2, MSH2, MSH6)*®. CRC with dMMR is characterized by many
insertion and deletion mutations in the genome and a high mutational burden?®-*°,
Microsatellite instability-high (MSI-high) is a genetic fingerprint of AIMMR, Generally
detected by the loss of expression of mismatch repair proteins in immunohistochemical
stains. MSI-high is determined by PCR amplification of the Bethesda panel, which
consists of five microsatellite loci (two mononucleotides and three dinucleotides), or the
Promega panel, which includes five mononucleotides. Clinically, MSI-high CRC
represents about 15% of CRC, and patients with MSI-high CRC have a better prognosis
than those with microsatellite stable (MSS) CRC3!*2, Gryfe and colleagues also
demonstrated that MSI-high CRC was associated with less frequent regional lymph
nodes and distant organ metastases than MSS CRC?!. A meta-analysis of the prognostic
impact of MSI-high in CRC enrolling 32 clinical studies and 7,642 patients with CRC

(1,277 patients with MSI-high CRC); it demonstrated that MSI-high was an

independent factor for a favorable prognosis*?. The underlying mechanism for patients
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with MSI-high CRC having a better prognosis than those with MSS CRC is still

undefined. One mechanism might be due to the fact that more immunoreactive cells

infiltrated in the TME of MSI-high tumors than in MSS tumors?3-4,

Recently, IMMR was identified as a predictive biomarker for anti-PD-1 antibodies

in metastatic CRC and other cancer types. Le et al. reported that in patients with AIMMR

CRC, the objective response rate (ORR) for anti-PD-1 antibody was 40% (4/10), but

there was no responder in the group with proficient mismatch repair CRC (0/18, 0%). In

addition, the ORR was also high (4/7, 57%) in CRC with non-dMMR 3. Other studies

further supported the predictive role of AIMMR in response to anti-PD-1 antibodies in

metastatic CRC and other cancers®®3’. These results led to the FDA approval of

pembrolizumab and nivolumab to treat metastatic dMMR/MSI-high CRC and

pembrolizumab as a tissue/site agonistic therapy in metastatic dAIMMR or MSI-high solid

tumors?®. A further randomized controlled study proved that pembrolizumab was

superior to the standard of care in first-line therapy for metastatic CRC with

dMMR/MSI-high*®. The high response of anti-PD-1 therapy in dMMR or MSI-high

tumors may be attributed to high indel mutational load, increased neoantigens amount,

DNA sensing, and vigorous infiltrative CD8+ T cells 3364041 Recently, anti-PD-1
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antibodies with and without an anti-CTLA4 antibody were investigated in nonmetastatic
CRC, and the results also showed favorable clinical and pathological response rates*>*.
1.3 The Prognostics of CRC: Epigenetics

In addition to genetic alterations, some studies also revealed that epigenetic
alterations might be prognostic factors**. CIMP-high is one of the common epigenetic
alterations reported as a prognostic factor.
CIMP

CIMP-high CRC was originally recognized by Toyota and colleagues in 1999.
They used methylated CpG island amplification to identify several cancer-specific
clones (type C methylation)* and identified a subgroup of CRC with a high level of
type C methylation; those tumors were characterized by proximal colon cancer and
MSI-high. Thus, a new pathway in CRC was identified, and a new CRC carcinogenesis,
mixed with genetic alterations and inactivation of tumor suppressor genes by
hypermethylation, was proposed*. During the following years, several panels were
developed to determine CIMP-high CRC, including the classic panel (MINT1, MINT2,

MINT31, pl6, and MLH]I), Weisenberger’s panel (CACNA G, IGF2, NEUROG,

RUNX3, and SOCS1), and others*’->°. Although these studies used different panels, they
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revealed common clinicopathologic features of CIMP-high CRC: old age, female,

proximal colon cancer, BRAF' V600OE mutation, and MSI-high. Recently, a methylation

array was used to classify CIMP CRC and showed that CIMP-high CRC was enriched

in hypermutated tumors, probably due to the overlap of hypermutated tumors and MSI-

high tumors®.

The prognostic role of CIMP in CRC has been extensively investigated, but the

results were inconsistent>32. Several confounding factors exist in previous studies: first,

the overlap of the other prognostic factors with CIMP-high, such as MSI-high and

BRAF V600F mutation; second, the contribution of anti-cancer therapy to prognosis;

finally, a paradoxical role in prognosis with a molecular marker. For example, we

previously demonstrated that BRAF V600E mutation had a paradoxical role in the early

and late stages of CRC?’. Thus, we investigated the prognostic role of CIMP in different

stages (Stages 1-4) of CRC in a retrospective cohort’. We performed multivariate

analysis to adjust the prognostic effects of molecular factors and anti-cancer therapies.

The results revealed that in patients with Stage 1-3 CRC, CIMP-high did not predict

poor prognosis; however, in those with Stage 4 CRC, CIMP-high was significantly

associated with shorter survival. The impact of CIMP-high was still significant in a

10
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multivariate analysis. Thus, we concluded that CIMP-high was an independent

prognostic marker for Stage 4 CRC.

1.4 The Prognostics of CRC: TME

In addition to genetic and epigenetic alterations, immune contexture in TME has a

prognostic role in many types of cancer’*>°, The immune contexture consists of many

types of immune cells, chemokines, cytokines, and special structures, such as tertiary

lymphoid structure (TLS). TLS is an ectopic lymphoid aggregate adjacent to the tumor

bed. It contains B cells, follicular helper T cells, and follicular dendritic cells and is

usually generated during chronic inflammation. The study of immune contexture

includes the analysis of the density, location, and functions of different types of immune

cells through histopathologic or bioinformatic tools. During the past two decades, the

clinical impact of immune contexture has been extensively investigated, and the results

are quite diverse in different types of immune cells. For example, CD8+T cells and TLS

are commonly correlated to good prognosis; in contrast, Treg cells and M2

macrophages are associated with poor prognosis in many cancer types>*.

Pages et al. first showed the infiltrating memory CD45RO+ cells were negatively

associated with early metastatic invasions and advanced stages of CRC and survival of
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patients with this disease>®. Then Galon and colleagues found that tumors with Th1l

adaptive immunity (CD3, CD8, GZMB, and CD45R0) had a favorable prognosis>’.

Combination analysis of the type, density, and location of these immune cells and their

associated molecules had a prognostic value that was independent to and superior to the

UICC-TNM stage. These findings led to the development of the immunoscore, which

was determined by the density of CD3+ and CD8+ T cells at the core and the invasive

front of the tumor>®. The scoring system ranges from low (Immunoscore 0) to high

(Immunoscore 4). Many studies demonstrated that immunoscore outperformed the

TNM stage in predicting PFS and OS in early-stage CRC>%%, In addition to CD8+ T

cells, many other immune cells have been reported to be a good prognostic factor in

CRC, such as Th1 cells, Tth cells, B cells, NK cells, and TLS, and M2 tumor-associated

macrophages (TAMs) are correlated to a poor prognosis>>©!-63. Understanding the

impact of immune contexture on clinical outcomes may provide insight into developing

novel treatments for CRC.

Our previous study identified that CIMP-high was correlated to a poor prognosis of

CRC, and the frequency of CIMP-high tumors (14.7%) in early-onset CRC (EOCRC,

diagnosed at age < 50 y/0) seemed to be higher than that in Western populations (5%).
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Thus, in this study, we are interested in the actual frequency and risk factors of CIMP-

high CRC in Taiwan. Additionally, we demonstrated that BRAF V600F mutation

predicted a poor prognosis in late-stage CRC. Because immune contexture is a

prognostic factor in CRC, they may have prognostic implications in BRAF V600E

mutant CRC. Thus, we hypothesize that immune contexture in TME of metastatic

BRAF V600E-mutated CRC is a prognostic factor. In the following two chapters, we

focus on these two research topics.
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Chapter II. The Epigenetics of CRC—From Prognostics to

Carcinogenesis
2.1 Introduction

CIMP-high CRC accounts for 15-20% of all CRC and is characterized by a wide
range of DNA hypermethylation in many promoter CpG islands®. This type of CRC is
associated with clinicopathologic features, such as old age, female, proximal colon
cancer, MSI-high, and BRAFV600E mutation, and shorter survival in metastatic
disease*”33%4, The etiology of CIMP-high needs to be clearly defined, but its crosstalk
with environmental factors and epigenetic alterations has been well studied®%*. Thus,
understanding the risk factors of CIMP-high CRC is important. The risk factors of
CIMP-high CRC have been studied in Western populations. Weisenberger and
colleagues analyzed the associations among CIMP-high genotype, risk factors, and
clinicopathologic variables in the Colon Cancer Family Registry cohort that recruited
patients with CRC from USA, Canada, and Australia. The results showed that the use of
non-steroidal anti-inflammatory drugs (NSAIDs) was significantly associated with
CIMP-high CRC in all patients, and smoking and obesity were correlated with CIMP-
high CRC only in female patients®*. However, a relationship between CIMP-high CRC

and risk factors in an East Asian population remains to be investigated.

In our previous cohort, we found that the frequency of CIMP-high CRC was 16.4%
(N=450), which was in the similar range of the frequency reported in Western
populations®®. However, in Taiwan, the frequency of CIMP-high CRC in EOCRC

(14.7%) seemed to be higher than that in the Western populations (5%). Lui et al. also
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described that CIMP-high tumors accounted for 17.9% of EOCRC in a Chinese
cohort®®. Both studies indicate that CIMP-high CRC was not associated with old
age96,
On the other hand, studies indicate that methylations could be adaptive to
environmental exposures®. The baboon study and Dutch Hunger Winter study proved

10.11 "Thus, we hypothesized

that methylations were changed after exposure to famine
that a high frequency of CIMP-high tumors in EOCRC in Taiwan, and those CIMP-high
tumors were associated with environmental factors, such as body mass index (BMI).
Therefore, we initiated a prospective cohort study to enroll patients diagnosed with
CRC in 2016 to prove our hypotheses.
2.2 Methods
Patient eligibility

The target number of recruited patients with CRC was 320, and more than 30%
should be EOCRC. Patients who met the following inclusion criteria were eligible for
this study: (1) age > 20 y/o, (2) cytologically or pathologically proven CRC and

adequate staging (American Joint Cancer Committee on Cancer, 7" edition) by

computed tomography, and (3) undergoing a colectomy surgery. The exclusion criteria
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were that they received systemic chemotherapy or radiotherapy before colectomy.

Written informed consent was obtained from all patients before collecting the tumor

specimens. We also collected the patients’ clinical and pathological characteristics,

including age, sex, histology and grade of tumors, tumor location, the risk factors of

CRC, and BMI. The definition of these clinicopathologic variables is described below.

For age, the patients were categorized as age < 50 y/o and age > 50 y/o. The histology

of tumors included the presence or absence of mucinous components, signet-ring cells,

and medullary histology, which were observed by microscopic examination. Mucinous

carcinoma was designated if more than 50% of the tumor volume was a mucinous

component. The tumor grade was classified into low and high grades. Tumors were

graded as a low grade if > 95% of the tumor has glandular formation or MSI-high.

Otherwise, tumors were graded as a high grade. Tumor location was grouped into right-

sided and left-sided. Right-sided tumors were designated if the primary tumors were

located from the cecum to the splenic flexure of the transverse colon, and left-sided

tumors were located from descending colon to the rectum. The Institute Review Board

of National Taiwan University Hospital (NTUH) approved this study.

Risk factors
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In this study, risk factors include first-degree family history for CRC, history of

colorectal polyp, DM, hyperlipidemia, BMI at diagnosis, pre-diagnosis use of NSAIDs,

and hormonal replacement therapy (HRT). These data were obtained from interviews

with the patients and the survey of the electronic chart of NTUH. The definitions of

these risk factors are described below. Patients with more than one first-degree family

member diagnosed with CRC were grouped into a group with a family history of CRC.

BMI at diagnosis was retrieved from a medical record. We categorized BMI into three

groups based on WHO criteria of 18-24.9, 25-29.9, and 230 kg/m?. We also

categorized BMI into two groups (< 27.5 and = 27.5 kg/m?) according to the experts’

opinion for appropriate BMI in Asian populations from WHO expert consultation”. In

that report, a BMI of 2 27.5 kg/m? was regarded as a high risk for public health.

Histories of DM and hyperlipidemia were determined according to self-reports and/or

the identification of the use of medication for these diseases. Pre-diagnosis NSAIDs use

was defined if two or more times per week in one month or longer within one year of

NSAIDs use was reported. Pre-diagnosis of HRT use was determined if six months or

longer of HRT use within one year was reported.

CIMP analysis
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We used a QlAamp DNA formalin-fixed paraffin-embedded (FFPE) tissue kit to

extract genomic DNA from tumor specimens (Qiagen, Santa Clarita, CA, USA). Then

the genomic DNA was treated with sodium bisulfide according to the EZ DNA

Methylation Kit protocol (Zymo Research, Irvine, CA, USA). We evaluated the

methylation status of five loci: MINT1, MINT2, MINT31, p16, and MLH1 (classical

panel) using MethyLight assay, which was a probe-based, methylation-specific real-

time polymerase chain reaction technology. The primers used for the MethyLight study

are listed in Table 1. The methylation-independent A/u repeat was measured for

normalization control reaction. The methylation levels of five loci in tumor samples and

a constant reference sample were measured, and quantification analysis of DNA

methylation was performed. The percentage of methylated reference (PMR) of each

locus was calculated based on the equation proposed in a previous study as the

following: PMR = 100 x (methylated reaction / control reaction)sample / (methylated

reaction / control reaction)m sssi-Reference. A PMR of > 10 was regarded as

hypermethylated®. Finally, CIMP-high tumors were determined if there were three or

more loci with a PMR of >10 identified. Otherwise, the tumors were determined as

CIMP-low/negative.

18

doi:10.6342/NTU202300311



RAS/BRAF mutation analysis

We evaluated RAS (KRAS and NRAS) and BRAF mutations by PCR coupled with

Sanger’s sequencing method. The primers in this study covered exons 2, 3, and 4,

including codons 12, 13, and 61 of KRAS and NRAS, and covered exon 15 of BRAF.

After PCR, we used an automated ABI 3730 sequencer (Applied Biosystems, Foster

City, CA, USA) for direct sequencing.

MSI analysis

We used the MSI Analysis System (Promega Corp., Madison, WI, USA), a PCR-

based assay for detecting MSI, in five mononucleotide loci (NR-21, NR-24, MONO-27,

BAT-25, and BAT-26). Tumors were designated MSI-high if abnormal allele length

was identified in two or more loci. Otherwise, tumors were MSS.

Statistical analysis

The patient’s clinicopathological characteristics were presented as percentages and

frequencies. The association between CIMP-high CRC and clinicopathological

variables was estimated by logistic regression (Table 2), Fisher’s exact test, and Chi-

square test (Table 3 and Table 6). The association between risk factors and CIMP-high

CRC was also evaluated by logistic regression (Table 4 and Table 7). Finally, we used a
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multivariate logistic regression model to evaluate the odds ratio of each variable for

CIMP-high tumors. Only a 2-sided p-value of < 0.05 was considered statistically

significant. Only the variables with a p-value less than 0.1 in univariate analysis (Table

3 and Table 4) were put into a multivariate logistic regression model. All the statistical

analyses were performed using SAS statistical software (version 9.4, SAS Institute,

Cary, NC, USA).

2.3 Results

From March 2016 to June 2019, we enrolled 320 patients, among whom 99

(30.9%) were younger than 50 y/o. The clinicopathological characteristics of these

tumors and the risk factors of CRC were well-collected. Among collected tumor

samples, 293 (91.6%) had enough genomic DNA for CIMP analysis, and 288 (90%),

286 (89.4%), and 318 (99.4%) were adequate for R4S mutation, BRAF V600E mutation,

and MSI analyses, respectively. Finally, 293 tumors were enrolled in the primary

analysis, among which 89 (30.4%) were EOCRC.

In the primary analysis, CIMP-high CRC accounted for 15.4% of all CRC. The

frequencies of CIMP-high CRC in patients aged < 50 y/o and aged > 50 y/o were 15.7%

(14/89) and 15.2 % (31/204), respectively. The distribution of CIMP-high and CIMP-
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low/negative tumors in clinicopathological variables is presented in Table 2. The key

findings are described briefly here. CIMP-high CRC was significantly associated with

BRAF V600FE mutation (p < 0.01), MSI-high genotype (p < 0.01), and right-sided

primary tumor (p = 0.03). In contrast, it was not associated with gender (p = 0.49) and

old age (p = 0.91). Then we further evaluated the distribution of CIMP-high and CIMP-

low/negative tumors in clinicopathological variables in two age groups (age < 50 y/o

and age > 50 y/0), and the results are shown in Table 3. In EOCRC, CIMP-high tumors

were significantly associated with BRAF V600E mutation (p < 0.01) and stage IV at

diagnosis (p < 0.01). In contrast, CIMP-high tumors were significantly associated with

right-sided primary tumor (p = 0.02), BRAF V600E mutation (p < 0.01), and MSI-high

(» <0.01) in late-onset CRC (LOCRC, diagnosed at age > 50 y/o).

The distributions of CIMP-high and CIMP-low/negative CRC associated with

various risk factors in overall patients and patients aged < 50 y/o and aged > 50 y/o are

shown in Table 4. In patients younger than 50 yrs, CIMP-high CRC was likely

associated with a BMI of > 27.5 kg/m? (p = 0.09). In contrast, in those 50 yrs or older,

CIMP-high CRC was significantly associated with colorectal polyp (p = 0.03). In the

multivariate logistic regression model, we found BMI of > 27.5 kg/m? (p = 0.03) and
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Stage 4 disease at diagnosis (p < 0.01) were independent factors for early-onset CIMP-

high CRC; however, only MSI-high (p < 0.01) was an independent factor for late-onset

CIMP-high CRC (Table 5). We also performed the statistical analysis of CIMP-high

CRC, clinicopathological features, and risk factors by gender, and the results are

presented in Tables 6 and 7, respectively.

2.4 Discussion

In this prospective study, we showed that the high frequency (15.7%) of CIMP-

high CRC in EOCRC was consistent with the result from our previous study (14.3%,

11/77)3. These findings might not be related to the classical panel because a similar

frequency of CIMP-high genotype (17.9%) in EOCRC was found in a Chinese cohort,

and CIMP-high tumors were determined by > 3/5 of the Weisenberger’s panel in that

study®. In addition, one study demonstrated no significant difference between these two

panels in the correlation to clinicopathological features®®. Thus, there may be different

frequencies of CIMP-high tumors in EOCRC between East Asian and Western

populations; this warrants further large-size studies to confirm this molecular

epidemiology difference.

In addition to the frequency of CIMP-high CRC, we also found significant
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associations between CIMP-high CRC and BRAF V600E mutation, MSI-high, right-

sided primary tumor, or stage 4 at diagnosis. These findings are consistent with previous

analyses®>%4% We demonstrated that CIMP-high CRC had no association with old age

and females, different from the data from Western populations. Moreover, we showed

different associations among risk factors, clinicopathological features, and a CIMP-high

genotype in EOCRC and LOCRC. In multivariate analysis, a BMI of > 27.5 kg/m? was

the only independent risk factor for CIMP-high CRC in patients younger than 50. The

WHO expert consultation had added the thresholds of 23, 27.5, 32.5, and 37.5 kg/m? for

the operation of public health in Asian populations in 2004 because the prevalence of

cardiovascular diseases and type Il DM were increased and the average BMI in these

populations was below 25 kg/m?%7. People with a BMI of > 27.5 kg/m? represented the

high-risk groups. Our study indicates the importance of maintaining an adequate BMI,

especially in people younger than 50. In Weisenberger’s study, the investigators did not

evaluate the association between risk factors and CIMP-high CRC in different age

groups. Still, they found a higher BMI was significantly associated with CIMP-high

CRC in female patients®*. However, our study did not identify this association (Table

7). So further study is needed to clarify these controversial findings.
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Why was CIMP-high CRC significantly correlated to a high BMI in younger

patients? An analysis of the Dutch Hunger Winter cohort revealed that early-life

exposure to famine was significantly associated with decreased incidence of CRC,

specifically, the CIMP-high CRC°. In an animal model, the caloric restriction could

delay methylation drift during aging’!. Thus, the correlation between a high BMI and

CIMP-high CRC may be related to calorie overload-induced biologic effects. On the

other hand, epigenetic aging may also play a role. Epigenetic aging is proposed to be the

accumulating work done by an epigenetic maintenance system’?. Epigenetic aging can

be evaluated by genome-wide DNA methylation array, and accelerated epigenetic aging

is associated with CRC, especially CIMP-high CRC”?. Obesity also accelerates

epigenetic aging in multiple kinds of human tissues’>7*. Thus, the excessive

accumulated aging-related methylations in obese or overweight patients may contribute

to hypermethylated cancers. The next question is why the significant association

between CIMP-high CRC and high BMI was only observed in younger patients aged <

50 y/o but not in older patients aged > 50 y/o. A recent report provided potential

explanations. Nevalainen’s study showed the correlation of an increased BMI with

accelerated epigenetic age only in middle-aged individuals (40-49 y/o) but not in
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young-aged (15-24) and very old (> 90 y/o0) individuals’. Instead, they observed a high

BMI was correlated with a lower epigenetic age in very old individuals. Based on these

findings, we hypothesize that a higher BMI accelerates epigenetic aging, and it should

have a long enough time to let obesity-induced epigenetic aging contribute to CRC in

patients with middle age. But for older patients with CRC with a high BMI, the etiology

may be different because they have more time (chances) to acquire multiple epigenetic

and genetic alterations, so obesity-induced accelerated aging has less influence.

There are several limitations in the present study. First, the sample size is relatively

small, which may confound the results of the associations between CIMP-high CRC and

variables in different age and gender groups. Second, we lack reliable data on smoking

and alcohol consumption and could not explore the association between them and

CIMP-high CRC. Many studies indicate the dose-dependent relationship between

smoking and CIMP-CRC, so the absence of the smoking analysis would be

influential®*®°, Regarding the association between alcohol consumption and CIMP-high

CRC, the results were conflicting®7¢, This study has strengths. This study is a

prospective cohort study, so we can easily collect clinical data and risk factors like BMI.

Our study first explored the link between CRC risk factors and CIMP-high CRC in an
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East Asian country. Our findings indicate that the association between CIMP-high CRC

and some risk factors (age, sex, and BMI) may differ in East Asian and Western

populations despite similar associated clinicopathological characteristics.
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Chapter I11. The Study of TME in Metastatic BRAF V600E
mutant CRC
3.1 Introduction

BRAF mutation is present in 4-8% of metastatic CRC, and BRAF V600E mutation
is the most common variant of BRAF mutations?*?*, Right-sided primary tumors,
peritoneal and distant lymph node metastases, and MLH I hypermethylation are
significantly associated with BRAF mutations in CRC, while KRAS mutation is
mutually exclusive with BRAF mutations®>”’. The consensus molecular subtypes (CMS)
of CRC have recently been proposed based on pooled transcriptomic analyses’®. There
are four CMS subtypes (CMS 1-4); among them, CMS1 (MSI-Immune) tumors are
characterized by more MSI-high, CIMP-high, BRAF V600F mutation, and infiltrative
immune cells. BRAF mutations are also categorized into two BRAF mutant
classifications (BM)”°. Activation of the KRAS/AKT pathway, dysregulation of
mTOR/4EBP, and epithelial-mesenchymal transition signaling occur in the BM1
subtype, and cell-cycle dysregulation is noted in the BM2 subtype. Kopetz et al.
recently presented that 48.8%, 2.9%, 11.8%, and 36.5% of BRAF V600E mutant CRC

corresponded to CMS1, CMS2 (canonical), CMS3 (metabolic), and CMS4
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(mesenchymal) subtype in the BEACON study®. They also showed that 33.1% and

66.9% of BRAF V600E mutant CRC belonged to BM1 and BM2 subtypes, respectively.

In addition, CMS4 and BM1 subtypes were correlated with a higher objective response

to cetuximab, encorafenib and binimetinib treatment. These findings revealed that there

was heterogeneous gene expression in the TME of BRAF V600E mutant CRC,

contributing to different efficacies of targeted therapy.

BRAF V600FE mutation has been recognized as a poor prognostic factor in

metastatic CRC, and patients with this genotype had approximately 11-14 months of

OS, much shorter than the survival time in those with RAS/BRAF wild type and those

with RAS mutations!®8!-83, The mechanisms underlying the poor prognosis of BRAF

V600FE mutant CRC remain unknown. As mentioned in the earlier chapter, immune

contexture in TME correlates with the clinical outcomes in patients with CRC. It is

reasonable to hypothesize that the immune contexture may also have prognostic

implications in patients with metastatic BRAF V600E mutant CRC. Currently, the

transcriptomic data of BRAF V600OE mutant CRC was mainly derived from early-stage

tumors. Still, Mlecnik et al. showed the expression of immune-related genes in primary

CRC tumors differed between metastatic and non-metastatic diseases. Thus, it is
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important to analyze the immune contexture in metastatic BRAF V600E mutant CRC.

The development of anti-PD-1/PD-L1 antibodies has changed the paradigms in

many cancer types®*. dMMR (or MSI-high) and high tumor mutational burden are the

predictive biomarkers for anti-PD-1/PD-L1 antibodies®®34%5. According to previous

studies, 42-48% of BRAF V600E mutant CRC belongs to CMS1 (Immune), which holds

great potential for novel immunotherapy’®®. Indeed, clinical trials showed good

responses in CRC concomitant with BRAF V600FE mutation and MSI-high; however, for

MSS BRAF V600E mutant CRC, anti-PD-1 monotherapy was ineffective, and the

combination of targeted therapy and anti-PD-1 therapy is recently under investigation3¢-

8 We further hypothesize that a novel treatment for metastatic MSS BRAF V600E

mutant CRC can be developed after illustrating the prognostic roles of immune

contexture of TME in these tumors. Thus, we designed this study to recruit patients with

de novo Stage 4 MSS BRAF V600FE mutant CRC and perform the transcriptomic

analysis on their primary tumors.

3.2 Methods

Patient enrollment
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Patients who met the following inclusion criteria were eligible for this study: (1)

they had pathologically confirmed de novo metastatic BRAF V600F mutated CRC,

which referred to distant metastases at diagnosis; (2) they had colectomy for CRC; and

(3) they had MSS CRC. Patients who received systemic chemotherapy or targeted

therapy before colectomy were ineligible for this study. We enrolled patients from two

medical centers: NTUH and Kaohsiung Chang Gung Memorial Hospital (KCGMH,

Kaohsiung, Taiwan). At NTUH, we searched the medical records on the BRAF mutation

examination from 2010 to 2017. The codes for BRAF mutation analyses included

000W0406 for expanded RAS+BRAF mutation, 000W0389 for KRAS and BRAF

mutations, and 000W0404 for BRAF mutation alone. Then we could identify patients

with de novo metastatic BRAF V600E mutated CRC. In addition, we included the

patients who met the inclusion/exclusion criteria from our previous cohort (2005-2013).

Finally, another cohort from KCGMH was also enrolled. We collected patients’

clinicopathological characteristics, in terms of age, sex, histology, tumor grade, disease

stage at diagnosis, primary tumor location, systemic chemotherapy, targeted therapy,

and survival time from electronic medical records. Patients were recognized to have

right-sided tumors if the primary tumors were located from the cecum to the splenic
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flexure of the transverse colon. Patients had left-sided tumors if the primary tumors

were located from the descending colon to the rectum. The definition of first-line triplet

chemotherapy was the anti-cancer therapy consisting of oxaliplatin, irinotecan, and one

of the fluoropyrimidines. The first-line doublet referred to the anti-cancer therapy

consisted of one of the fluoropyrimidines and either oxaliplatin or irinotecan. This study

was approved by the Institute Review Board of NTUH and KCGMH.

BRAF V600E mutational analysis

The methods for detecting BRAF V600OE mutation at NTUH include PCR and

direct sequencing (ABI 3730 sequencer (Applied Biosystems, Foster City, CA, USA).

The primer pairs (5’-TCA TAATGCTTGCTCTGATAGGA-3’ and 5° - GGCCA

AAAATTTAATCAGTGGA-3’) covering BRAF exon 15 were used. On the other hand,

BRAF V600FE mutation was identified by Roche BRAF/NRAS Mutation Test (Roche

Diagnostics, IN, USA) at KCGMH following the manufacturer’s instructions. We

performed BRAF mutation subtype classification (BM1 and BM2) by linear regression

classifier as described in a previous study”.

MSI analysis

The method for MSI testing and the definitions of MSI-high and MSS have been
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described in chapter 2.

Transcriptomic analysis

We extracted total RNA from the FFPE samples of primary colon tumors derived

from colectomy using Qiagen’s miRNeasy FFPE Kit (Qiagen, Valencia, CA, USA).

Macrodissection of tumor slides was performed before RNA extraction. Then we used

NanoDrop 2000 at 220-320 nm (Thermo Scientific) to measure 260/280 ratios to

determine RNA quality and quantity. Bioanalyzer (model 2100, Agilent Technologies,

Santa Clara, CA, USA) was used to measure nucleic acid fragmentation. Finally, the

gene expression was evaluated by nCounter PanCancer Immune Profiling Panel

(NanoString, Seattle, WA, USA). This panel consists of 770 genes and is widely used to

investigate TME. We processed raw data as previously described®. Gene counts for

each sample were normalized first by trimmed mean of M-values method®! and then

converted to log2-transformed counts per million later for clinical analysis.

Development of complement scores

We calculated pairwise expression correlation in complement genes according to

the similarity metric of Pearson’s correlation coefficient®?. The results were regarded as

an input for hierarchical clustering. Then the complement genes were classified into
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three co-expression modules, and the clustering results were shown by a heatmap

symmetrical along the diagonal line. The complement score of each sample was

determined as the average gene expression in module 2. A high complement score was

defined when the complement score was higher than the median score; in contrast, a

low complement score was defined when the complement score was lower than the

median score.

Evaluation of immune cell abundance

The immune cell abundance in the TME of each tumor was measured according to

its expression profiles. The simple average of marker genes’ expression values of each

immune cell was calculated as cell-type scores. The reference marker genes were

determined by Danaher et al.”®. We also used the CIBERSORT algorithm with the

LM22 signature matrix to measure cell abundance®®. The phenotypes of macrophages

(M1 and M2) were defined based on the mean expression values of gene signatures®.

The genes correlated to M1 macrophage consist of CD40, CD86, CCL5, CCR7, CXCL9,

CXCL10,CXCLI11,1ILIA,ILIB, IL6,IRF1,IRFS5, IDOI, and KYNU, and the M2

macrophage-associated genes are CD276, CCL4, CCL13, CCLI18, CCL20, CCL22,
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CTSA, CTSB, CTSC, CTSD, CLEC7A4, FNI, IL4R, IRF4, LYVEL, TGFBI1, TGFB2,

TGFB3, TNFSFS8, TNFSF12, MMP9, MMP14, MMP19, MSR1, VEGFA, VEGFB, and

VEGFC.

External cohorts

The first external cohort was colon and rectal adenocarcinomas in the TCGA

dataset®®. Genomic and transcriptomic data of these tumors were obtained from

Genomic Data Commons through the R package of TCGA bio-links, and these tumors’

microsatellite status was obtained according to the method described preciously®’. The

second external cohort was GSE39582 dataset’®. Complement scores of all these CRC

tumors from two external cohorts were calculated, and tumors were determined to have

high or low complement scores based on the abovementioned definitions.

Immunohistochemical staining

The collected FFPE tumor tissues were cut into 5-um sections, and then these

sections were deparaffinized by EZ prep (Ventana Medical Systems, Inc., Tucson, AZ,

USA). These sections were also pretreated with Cell Condition 1 solution for 32

minutes (Ventana Medical Systems, Inc.). We incubated the slides with anti-human C4d

(clone A24-T, DB Biotech) and used the automated Ventana Benchmark XT for 1:200
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titration (Ventana Medical Systems, Inc.). Labeling was measured using the Optiview

DAB Detection Kit (Ventana Medical Systems, Inc.). All sections were counterstained

with hematoxylin in Ventana reagent, and the positive controls were the human FFPE

tonsil tissues.

C4d is generated after C4 splitting during the activation of the complement

pathway. C4d is a surface-bound protein that binds to tissue near the activation site

because its covalent bond does not break spontaneously®. Thus, C4d is recognized as a

marker of complement activation. We categorized CRC into three groups based on the

percentages of C4d deposits on the tumor cell membrane. C4d-IHC 0 (weak) referred to

<1% of non-neoplastic cells, C4d-IHC 1 (intermediate) was defined as 1%—30% of non-

neoplastic cells, and C4d-IHC 2 (high) was defined as >30% of non-neoplastic cells.

Semi-quantification was evaluated by two independent pathologists.

Statistical analysis

Patients’ clinical and pathological data were summarized as percentages. Survival

analyses among groups, including PFS, OS, and progression-free interval (PFI), were

evaluated using the Kaplan-Meier method. A p-value of less than 0.05 in the log-rank

test was considered significant. We developed a Cox proportional hazards regression

35

doi:10.6342/NTU202300311



model for survival analysis with the coxph function implemented in the R package. PFS

in this study was defined as the period from the date of diagnosis to the date of

radiographically confirmed progression of disease or death during first-line therapy. OS

in this study was defined as the time from diagnosis to death. PFI was specifically used

in TCGA and GSE39582 datasets to evaluate clinical outcomes’®”8. PFI was defined as

the time from the date of diagnosis to the date of the first evidence of disease

progression, locoregional recurrence, new primary tumor, distant metastasis, or death.

Only variables with p < 0.1 were included in the multivariate analysis. We used

Benjamini and Hochberg multiple-testing correction method to adjust multiple tests.

The statistical analyses and visualization in this study were performed in an R

environment (version 3.6.1).

3.3 Results

A total of 54 patients with de novo metastatic CRC with MSS BRAF V600E were

included in this study, among whom 31 were enrolled from the National Taiwan

University Hospital-integrated Medical Database (NTUH-iMD), five from our previous

cohort?’, and 18 from KCGMH. The detailed consort diagram of the enrollment of

patients is presented in Figure 2. The patient’s clinicopathological features are presented
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in Table 8. Briefly, the median age of patients was 51 years old; among these patients,

79.6% had low-grade tumors, 63% had right-sided primary tumors, and 42% had

peritoneal metastases. No patients had concomitant BRAF and KRAS mutations. Two

patients did not receive anti-cancer therapy after surgery and thus were not included in

the PFS analysis; their median PFS was 5.1 months, and their median OS was 16.8

months (Figure 3).

After profiling the transcriptome of all tumors, the association between immune

cell subtypes and patient survivals revealed that CD4+ T cell and B cell signatures were

significantly correlated with longer PFS (Hazard ratio, HR= 0. 61, p = 0.005 for CD4+

T cell and HR = 0.72, p = 0.039 for B cell), and no immune cell types were significantly

associated with patient OS (Table 9). In the analyses of the association between immune

gene expression and patient survival, we found some checkpoints responsible for

linking B cell and T cell signaling, such as /COS (inducible T cell costimulatory) (PFS,

HR =0.0.71, p = 0.035), ICOSLG (inducible T cell costimulatory ligand) (OS, HR =

0.69, p = 0.034) and CD40LG (CD40 ligand) (PFS, HR = 0.62, p = 0.010), were

associated with longer survival time. In contrast, there was no association between

CD40, CD80, or CD86 and prognosis (Table 10). Besides, there were prognostic

37

doi:10.6342/NTU202300311



implications in the expression of complement genes. The key findings include that

tumors with higher expression of CR1, CD59, C1QA, and MBL?2 were significantly

associated with shorter OS than those with lower expression of these genes. Tumors

with higher expression of C/S, CIR, and SERPINGI were significantly associated with

shorter PFS than tumors with lower expression of them (Table 11). Thus, the

complement pathway may predict patients’ prognosis in those with de novo metastatic

CRC with MSS and BRAF V600E mutation. We first assessed the expression correlation

of complement genes because the complement system involves various genes and

pathways and showed that they could be grouped into three co-expression modules

(Figure 4A). Subsequently, we grouped the patients into two groups according to the

clustering of genes in each module. Patients with high expression of complement genes

(Cluster 2) (Figure 4B) in their tumors had significantly shorter PFS (p = 0.00066) and a

trend for shorter OS (p = 0.087) when module 2 (most genes belong to the classical

complement pathway) was used for stratification (Figure 4C). Module 1 and Module 3

did not have sufficiently clear gene data for stratification (Figure 5).

To develop a better prognostic panel, we generated a complement score, which was

calculated by measuring the average gene expression value in module 2 (Figure 6A).
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We used the median value of complement scores as the threshold to determine tumors

with low and high scores. The survival analyses showed that patients with a high

complement score had significantly shorter PFS (p = 0.029) and OS (p = 0.007) than

those with a low complement score (Figure 6B). Furthermore, this complement score

did not correlate with specific metastatic sites (Figure 7). As expected, complement

scores generated based on the genes in Modules 1 and 3 were not correlated with PFS

and OS (Figure 8). In the multivariate analysis, after adjusting for multiple tests, a high

complement score was associated with significantly shorter OS (HR: 2.44, 95%

confidence interval (CI): 1.26—4.70, adjusted p = 0.008) (Table 12). To validate the

results of our study, we searched for external CRC cohorts in open datasets; six patients

with metastatic BRAF V600E mutant CRC were included in both GSE39582 and TCGA

datasets. Thus, Stage 1-4 BRAF V600E mutant CRC (N= 49 in GSE39582 dataset and

N=55 in the TCGA dataset) were used as the alternatives. The results showed a

significantly shorter PFI (p = 0.03) and a trend for shorter OS (p = 0.37) in patients with

a high complement score than in those with a low complement score in the GSE39582

cohort (Figure 6C). In the TCGA colon and rectal adenocarcinoma cohort, patients with

a high complement score correlated with a non-significant shorter OS time than those
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with a low complement score (p = 0.056), and there was no significant difference in PFI

between these two groups (Figure 9A). On the other hand, the TCGA cohort included

31 Stage 4 CRC with genotypes of MSS and BRAF wild type. In these tumors, a high

complement score was not associated with a poor prognosis (Figure 9B). The

correlation between a complement score and BM1 or BM2 was also analyzed in the

GSE39582 and TCGA datasets. The results revealed that the complement scores in

BM1 CRC were significantly higher than that in BM2 CRC (Figure 6D, Figure 9C).

In immunohistochemical staining, the density of intra-tumoral C4d-expression

cells was semi-quantified (N=53). One patient was excluded from the analysis because

of no available tissue sections for C4d staining. C4d staining was categorized into three

groups. C4d-IHC 0 referred to low expression, C4d-IHC 1 to intermediate expression,

and C4d-IHC 2 to high expression (Figure 10A). We evaluated the association between

complement signatures and C4d expression in our cohort and showed that the

complement scores in tumors with high (p = 9.6¢ #) and intermediate (p = 5.5¢ %)

expressions of C4d were significantly higher than the scores in tumors with low

expression (Figure 10B).

Recently, many studies indicate that in situ C1q produced by TAMs may
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contribute to intra-tumoral complement pathway activation®>?3. This study evaluated the

correlation between tumor-infiltrating immune cells and a complement score?>**. We

used two independent methods to estimate immune cell abundance, and the result

showed that macrophage abundance was strongly associated with the complement score

(Figure 11A). Next, we analyzed the association between a complement score and the

M1 or M2 signature and demonstrated that only the signature of M2 TAM (p =0.78, p <

10e '%; Figure 11B) but not the signature of M1 TAM was strongly correlated to the

complement score.

3.4 Discussion

The complement system plays a major role in innate immunity against pathogens

and homeostasis in the body®?. More than 50 plasma components of complement are

produced mainly in the liver, and the complement receptors are expressed on the

membrane of many cell types. Recently, many studies revealed that complement

effectors could be generated intracellularly, locally activate the complement pathway,

and have non-canonical function independent of plasma cascades!'*!°!, The in situ

complement activation in TME may have an important role in disease progression and

102-104

metastasis . For example, C3a and C5a, known as anaphylatoxins, profoundly
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influence the immune cells in the TME. They can suppress T cell-mediated immunity
by recruiting myeloid-derived suppressor cells, increasing TAM density, and decreasing
the infiltration of CD4+ T cells and neutrophils'®>-197. Several studies demonstrated the
prognostic roles of intra-tumoral complement in cancer patients!'®®; among them, Cls
and C4d expression acts as a prognostic factor of lung cancer and clear cell renal cell
carcinoma, respectively!?>!1° In our study, we showed that a high complement score
predicted poor prognosis in de novo metastatic CRC with MSS and BRAF V600E
mutation, and the prognostic association between a complement score and patient’s
survival was also observed in patients with BRAF V600E mutant CRC (stage 1-4) in
two external cohorts. We stained C4d in tumors to validate complement activation in
TME, and the results demonstrated that C4d density was significantly correlated with
the complement score in this study. By contrast, the prognostic implication of
complement activation was not seen in metastatic CRC with MSS and wild-type BRAF
V600F mutation in the TCGA cohort. However, further study is warranted to validate
this finding because of the relatively small sample size.

BRAF mutations are classified into BM1 and BM2 according to different gene

expression patterns’®. Barras’s study showed complement activation in BM1 tumors,
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which is supported by our study. Besides, higher complement scores were observed in

BM1 tumors than in BM2 ones, possibly due to the overlap of genes analyzed for

generating complement scores and BMI.

Complement activation is associated with TAM. Bonavita et al. reported that

epigenetic silencing of PTX3, which encodes pentraxin protein that regulates

complement activation, could enhance CCL2 production, TAM infiltration, and

complement activation in CRC!%. Another study highlighted that C1g-producing TAM

infiltrated in the TME of RCC had a positive association with a high expression of

immune checkpoints, including PD-L1, PD-L2, PD1, and LAG-3, in an

immunosuppressive microenvironment!!!. In our study, only M2 TAM was strongly

associated with the complement score in the TME in metastatic CRC with MSS and

BRAF V600FE mutation; TAM polarization correlated with prognosis in CRC. Vayrynen

et al. demonstrated that a high M1:M2 density ratio in stroma predicted better cancer-

specific survival, and M2 density was correlated with worse cancer-specific survival®.

Edin and colleagues also showed that increased infiltration of M1 TAM in the invasive

front of tumors was associated with better survival in CRC patients'!2. Thus, a high

infiltration of M2 TAM may contribute to the observation that a high complement score
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is an independent factor for shorter survival in our patients.

One of the aims of this study is to develop novel strategies for treating metastatic

BRAF V600E mutant CRC based on transcriptomic analyses. Of course, our data still

needs further validation, but we can propose some ideas that warrant further

exploration. The first is the combination of a complement inhibitor (ideally, C3a or C5a

blockade) with an anti-PD1 or anti-PD-L1 antibody. The underlying mechanism is that

the local production of C3a and C5a may induce an immunosuppressive TME and

promote metastasis®’. Ajona et al. used the combination of a C5a inhibitor and an anti-

PD-1 or anti-PD-L1 antibody in a synergic murine lung cancer model. They

demonstrated that the treatment was effective and the efficacy associated with the

reinvigoration of CD8 T cells!!®. The second strategy combines a CSFIR inhibitor and

an anti-PD-1 or anti-PD-L1 antibody. The underlying mechanism may be that CSF1R

signaling regulates the polarization of macrophages and promotes M2 phenotype !4,

Thus, inhibition of the CSF1R signaling may reverse M1/M2 ratio in metastatic BRAF

V600FE mutant CRC. In an early phase study, two patients with proficient mismatch-

repair CRC were responsive to pembrolizumab (anti-PD-1 antibody) and AMGS820

(CSFIR antibody); however, the BRAF mutational analysis is still unknown!!>.
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There are several limitations to our study. The first is that we only collected the

tumor tissues derived from colectomy for better analyzing the immune contexture in the

TME, which may have led to selection bias. However, according to our data, the

patient’s clinicopathological features were consistent with the literature, and their PFS

and OS were similar to the historical data!®*2-23, The second limitation is the small

sample size; however, our result seems reproducible with external cohorts.
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Chapter IV. Conclusions and Future Perspectives
4.1 Prognostics, Carcinogenesis, Epigenetics, and Microbiome

In the first study, we demonstrated that divergent clinicopathological
characteristics and risk factors correlated with CIMP-high CRC in different age groups
in Taiwan. Our study validates the high frequency of CIMP-high genotype in EOCRC
in Taiwan and highlights that a BMI of > 27.5 kg/m? may be associated with those
early-onset hypermethylated tumors.

Based on the findings in this study, we will explore the etiology of the increased
incidence of EOCRC in Taiwan and the high frequency of CIMP-high CRC in younger
patients. The growing incidence of EOCRC in Taiwan and worldwide in recent years is
noticeable and worrisome!!'®. The estimated global incidence of EOCRC in 2030 is
expected to increase by more than 140%'!7. According to the previous study, the
etiology of about 80% of EOCRC may be environmental exposures with or without the
presence of genetic variants predisposing to CRC!!8, Environmental exposures include
obesity, Westernized diets, antibiotics, dysbiosis, and others. Gut microbiota,
specifically Fusobacterium nucleatum, Bacteroidetes, enterotoxigenic Bacteroides

fragilis, and Firmicutes, are enriched in CRC and are potentially involved in
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carcinogenesis!!®1?!, For the gut microbiota enriched in EOCRC, Yang et al. analyzed
fecal samples to show that Flavonifractor was a key bacterial species not enriched in
LOCRC'?2, Because tumor cells may have causative interaction with the microbiome in
TME, the analysis of gut microbiota and the associated metabolites from tumor tissues
may yield novel insights into the carcinogenesis of CRC'?*, Thus, we have initiated a
study to explore the specific tumor microbiota in EOCRC since 2022. In this study, we
plan to use fresh tumor tissues from the Biobank at NTUH, including EOCRC and
LOCRGC, in the discovery set, using polyps and adenomas from patients without CRC as
the control group. On the other hand, we will prospectively collect fresh tumor tissues at
four institutes, including NTUH, National Taiwan University Cancer Center, KCGMH,
and Far-Eastern Memorial Hospital, in the validation set. The microbiome will be
analyzed by 16S ribosomal RNA sequencing, and the gut microbiome-associated
metabolites will be measured by mass spectrometry. Then we may identify the specific
tumor microbiomes for EOCRC, CIMP-high tumors in EOCRC, and patients with CRC
and a high BMI. These results will provide a new understanding of the epidemiology
and prevention of CRC.

4.2 Prognostics, TME, and Complement Activation
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In the second study, we conclude that in patients with metastatic BRAF V600E

mutant CRC, intra-tumor complement activation is associated with significantly shorter

survival. Intra-tumor complement activation is also strongly correlated to the M2

phenotype of TAM signature, which may contribute to the poor prognosis of those

patients. Based on these results, we have new research objectives to identify clinical

markers for metastatic BRAF V600E-mutated CRC, explore the role of complement

activation in early-stage BRAF V600E mutant CRC, and develop the application of

complement inhibitor in BRAF V600E mutant CRC.

A clinically useful biomarker is usually related to a simple test in a hospital-based

laboratory. Our previous study showed a strong correlation between C4d staining and

complement score'?*. Thus, C4d staining may be a good predictor for the prognosis of

patients with metastatic BRAF' V600E-mutated CRC. Besides, a prior report showed that

BM1 was associated with a higher response rate of the triplet combination of

cetuximab, encorafenib, and binimetinib, and the BM subtype was not associated with

the response to cetuximab and encorafenib®®. Because BM1 is also strongly correlated

to the complement score, we hypothesize that C4d staining may predict the response to

the triplet. On the other hand, C1qg-producing macrophages may play a key role in
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initiating complement activation in TME, so we hypothesized that C1q staining might

also predict the prognosis of the patients with metastatic BRAF V600E mutant CRC''.

Therefore, our ongoing study is to explore the prognostic implications of C4d and Clq

staining in BRAF V600OE mutant CRC.

In chapter 3, the analyses of two external CRC cohorts support that complement

activation may predict poor survival in patients with Stage 1-4 BRAF mutant CRC;

however, those analyses were not conclusive because they were mixed with MSI-high, a

potential confounding factor, and their sample sizes were small. We thus have initiated

a prospective study to collect early-stage BRAF mutant CRC since 2022 by cooperating

with investigators from four institutes. We will explore the role of intra-tumoral

complement activation and the association between intra-tumoral and plasma

complements in early-stage MSS BRAF mutant CRC.

The next future work is to develop novel therapeutic strategies for metastatic BRAF

mutant CRC. As mentioned earlier, we proposed complement inhibitors with or without

anti-PD-1 antibodies for metastatic CRC with MSS and BRAF V600FE mutation. Many

studies showed convertase-independent C3 or C5 cleavage by proteases (procathepsin

L, plasmin, thrombin, etc.) in cancer models!'%>!123126, The cascades-independent release
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of C3a or C5a had protumor effects probably because they induced immune-suppressive
responses, neo-angiogenesis, and direct influence on tumor cells®?. Ajona et al.
demonstrated that combined blockade of C5a and anti-PD-1 reduced tumor growth and
metastasis in a lung cancer syngeneic mouse model'!'3. Zha et al. also showed their anti-
tumor activity increased after blocking C5aR1 signaling in a murine colon cancer
model'?’. Multiple C3 and C5 inhibitors have been approved for paroxysmal nocturnal
hemolysis with the reduction of hemolysis and a moderate (about 30%) infection rate!2%.
C3a or C5a inhibitors do not block the complement downstream effectors and formation
of the membrane attack complex; thus, they are probably more suitable drugs for further
development in cancer treatment.
4.3 Prognostics: Open the Door to Future CRC Research

Prognosis predicts a patient’s outcomes based on current information. Clinically,
evaluating a patient’s prognosis is important because it helps physicians to choose
proper treatment strategies and communicate with patients and their families. For
example, the prognosis of patients with Stage IV CRC is poor; its common treatment

strategies are palliative targeted therapy and chemotherapy to prolong survival and

maintain the quality of life. On the other hand, the prognosis of patients with Stage I-I1I
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CRC who receive colectomy is favorable; thus, curative surgery is generally

recommended. Prognosis is one of the clinical presentations of cancer biology.

Therefore, studying prognosis could be the beginning of cancer biology research. For

example, more than 20 years ago, Gryfe et al. reported that MSI-high CRC was less

likely to metastasize to lymph nodes and distant organs than MSS CRC, and patients

with MSI-high CRC had a better prognosis®!. In recent years, studies revealed that

increased Thl cells and cytotoxic T cell infiltration were observed in the TME of MSI-

high CRC compared to that in the TME of MSS CRC, and active immune responses

may be one of the mechanisms that contribute to a favorable prognosis***. However,

some cases of early-stage MSI-high CRC still progress to metastatic disease, and the

mechanism of their immune evasion is undefined. Thus, we have conducted an ongoing

study to address this question.

Studying prognosis can also identify patients with unmet medical needs for

developing novel anti-cancer therapy. R4S mutations are a poor prognostic factor for

metastatic CRC, and RAS is always the target for new drug development. While RAS

has been recognized as undruggable in the past 50 years, a new class of KRAS G12C

inhibitors targeting the GDP of G12C, was reported in 2013!%. Two new KRAS G12C
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inhibitors (sotorasib and adagrasib) demonstrated clinical efficacy in KRAS G12C

mutant non-small cell lung cancer and colorectal cancer!'3%!3!, Patients with metastatic

BRAF V600FE mutant CRC have the worst survival outcomes; thus, many studies try to

develop new therapeutics for them®. The combination of an anti-EGFR antibody with a

BRAF inhibitor has recently demonstrated encouraging results, and this combination is

now tested in the front-line setting with or without chemotherapy®’. We identify that

complement activation is a poor prognostic factor for metastatic BRAF V600E mutant

CRC; thus, complements are reasonable targets for those patients!?4. The

abovementioned breakthroughs may change patients’ prognosis, which is another merit

of studying prognosis.

In addition to developing new treatments for patients with poor prognosis, we can

investigate the epidemiology and risk factors of those cancer types, which would be

helpful for early diagnosis and prevention. Taking CIMP-high CRC as an example,

CIMP-high CRC is significantly associated with high BMI in EOCRC in Taiwan?.

Although the causal relationship between a high BMI and CIMP-high CRC is still

undefined, a proper BMI should be maintained to prevent this type of cancer.

Therefore, studying prognosis can open the doors to cancer research, which is what
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I have learned in my Ph.D. journey.
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Chapter V. Figures

Colorectal cancer
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Figure 1. Age-adjusted incidence rates (ASR) of colorectal cancer (ICD 10 codes C18-
C20) for both gender in Taiwan using the WHO standard population 2000. Data are
obtained from Taiwan Cancer Registry Statistical Service (1980-2017)*!32. ICD10,

International Classification of Disease 10" revision. WHO, World Health Organization.
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NTUH-IMD, 2010-2017. CRC patients who had test for BRAF mutation, N=
1342

BRAF mutation, N= 96 (7.15%)

Stage 1-3 at diagnosis, N= 32; primary tumor
specimen was unavailable, N= 11; biopsy or
polypectomy, N= 21

de novo metastatic BRAF V600E-mutated CRC, MSS, N=31;
MSI-high, N= 1

de novo metastatic MSS BRAF V600E-mutated
CRC, N= 5 from a previous cohort.

de novo metastatic BRAF V600E-mutated CRC
from KCGMH, MSS, N= 18

De novo stage 4, MSS BRAF

V600E-mutated CRC, N =54 —> nCounter® PanCancer Immume Profiling

Figure 2. Flow chart of patient enrollment in this study'?*. CRC: colorectal cancer;

NTUH-iMD: Integrated Medical Database, National Taiwan University Hospital;

KCGH: KaoHsiung Chang Gung Memorial Hospital; MSI: microsatellite instability;

MSS: microsatellite stable.
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Figure 3. The survival probability in patients with de novo metastatic MSS BRAF

V600E mutant CRC by Kaplan—Meier analysis®. p: log-rank test
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Figure 4. The prognostic implication of complement genes expression'?*. (A) Three co-

expression modules of complement genes were identified. The expression correlations

among genes were quantified by Pearson’s correlation coefficient. (B) The two tumor

clusters were based on the expression of complement genes in module 2
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Figure 4. The prognostic implication of complement genes expression!?4. (C) The

survival probability in patients with cluster 2 tumors compared with those with cluster 1

tumors by Kaplan—Meier analysis. p: log-rank test.
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Figure 5. The prognostic implication of complement genes expression!?*. (A)

Unsupervised hierarchical cluster analysis and the survival analysis by Kaplan—-Meier

method in patients defined by Module 1. p: log-rank test.
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Figure 5. The prognostic implication of complement genes expression!?*. (B)
Unsupervised hierarchical cluster analysis and the survival analysis by Kaplan—-Meier

method in patients defined by Module 3. p: log-rank test
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Figure 6. The prognostic values of complement score'?*. (A). The complement score

was determined as the average expression of complement genes in module 2. (B). The

survival probability by Kaplan—Meier analysis in patients with a high complement score

compared with those with a low complement score in de novo metastatic MSS BRAF

V600E mutant CRC in our cohort.
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Figure 6. The prognostic values of complement score'?*. (C). The survival probability
by Kaplan—Meier analysis in patients with a high complement score compared with
those with a low complement score in de novo metastatic MSS BRAF V600E mutant
CRC in stage 1-4 BRAF V600E mutant CRC in GSE39582 dataset. p: log-rank test. (D).
The correlation of complement score and BRAF mutant (BM) classification in

GSE39582 dataset. p: Wilcoxon signed-rank test.
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Figure 9. The survival probability by Kaplan—Meier analysis in patients with a high

complement score compared with those with a low complement score in (A) stage 1-4

BRAF V600E mutant CRC and (B) stage 4 MSS BRAF V600E wild-type CRC in TCGA

dataset'?*. p: log-rank test.
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Figure 9. (C) The correlation of complement score and BRAF mutant classification in

TCGA dataset!'?*. p: Wilcoxon signed-rank test.
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Figure 10. The correlation of the complement score and C4d density in de novo
metastatic MSS BRAF V600E mutant CRC'?*, (A) Representative IHC staining for C4d
on FFPE CRC tumor sections (100%). C4d-IHC 0 (low expression): cutoff of <1% of
non-neoplastic cells; C4d-IHC 1 (intermediate expression): 1%—30% of non-neoplastic
cells; C4d-THC 2 (high expression): >30% of non-neoplastic cells. (B). The correlation

between C4d density and the complement score. p: Wilcoxon signed-rank test.
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Figure 11. The analysis of immune cell abundance revealed a strong association

between the complement score and M2 macrophages!?*. (A) The associations between

the complement score and tumor-infiltrative leukocytes. Two independent methods

were used for this analysis. (B). The complement score was strongly correlated to the

M2 signature but not with the M1 signature. r: Spearman correlation coefficient.
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Chapter VI. Tables

Table 1. The primers used for CpG Island Methylator Phenotype testing in MethyLight

study?.
Primers Sequence (5" to 3)
ALU-rtF GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA
ALU-rtR ATTAACTAAACTAATCTTAAACTCCTAACCTCA
ALU probe 6FAM-CCTACCTTAACCTCCC-MGBNFQ
pl6-1tF TGGAGTTTTCGGTTGATTGGTT
pl6-1tR AACAACGCCCGCACCTCCT
p16 probe 6FAM-ACCCGACCCCGAACCGCG-MGBNFQ
hMLH-rtF AGGAAGAGCGGATAGCGATTT
hMLHI-rtR TCTTCGTCCCTCCCTAAAACG
hMLH] probe 6FAM-CCCGCTACCTAAAAAAATATACGCTTACGCG-MGBNFQ
MINTI- ttF GGGTTGAGGTTTTTTGTTAGCG
MINTI- rtR CCCCTCTAAACTTCACAACCTCG
MINTI probe 6FAM-CTACTTCGCCTAACCTAACGCACAACAAACG-MGBNFQ
MINT2- ttF TTGAGTGGCGCGTTTCGT
MINT2- rtR TCCCCGCCTAAACCAACC
MINT? probe 6FAM-CTTACGCCACCGCCTCCGA-MGBNFQ
MINT31- ttF GTCGTCGGCGTTATTTTAGAAAGTT
MINT31- rtR CACCGACGCCCAACACA

MINT31 probe

6FAM-ACGCTCCGCTCCCGAATACCCA-MGBNFQ
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Table 2. Distribution of CIMP-high or CIMP-low/negative according to

clinicopathologic variables. Logistic regression was used for statistical analysis?.

CIMP-high CIMP- OR (95% CI)
Variable, N (%) CRC low/negative CRC  high vs. p-value
(N =45) (N =248) low/negative
Age (years)
<50 14 (31.1) 75 (30.2) reference
>50 31 (68.9) 173 (69.8) 0.96 (0.48-1.91) 0.91
Sex
Male 22 (48.9) 135 (54.4) reference
Female 23 (51.1) 113 (45.6) 1.25 (0.66-2.36) 0.49
Stage'
1 7 (15.6) 41 (16.5) reference
2 8 (17.8) 72 (29.0) 0.65 (0.22-1.93) 0.44
3 17 (37.8) 96 (37.1) 1.08 (0.42-2.81) 0.87
4 13 (28.9) 39 (17.3) 1.77 (0.64-4.88) 0.27
Histology
Mucinous
) 3 (6.8) 8(3.2) reference
adenocarcinoma
Not mucinous
. 42 (93.3) 240 (96.8) 0.41 (0.10-1.64) 0.21
adenocarcinoma
Tumor grade
Low 39 (86.7) 230 (92.7) reference
High 5(11.1) 13(5.2) 2.27(0.77-6.72) 0.14
Missing 1(2.2) 52.0) NA
Primary tumor
sideff
Left-sided 18 (40.0) 126 (50.8) reference
Rectum 5(11.1) 51 (20.6) 0.69 (0.24-1.95) 0.48
Right-sided 22 (48.9) 71 (28.6) 2.17 (1.09-4.31) 0.03
RAS
Wild type 28 (62.2) 158 (63.7) reference
KRAS Mutation 16 (35.5) 83 (33.5) 1.09 (0.56-2.12) 0.81
NRAS Mutation 2.82 (0.25-
1(2.2) 2 (0.8) 0.40
32.17)
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Missing 0 (0.0) 5(2.0) NA

BRAF V600E
Wild type 26 (57.8) 238 (96.0) reference
Mutation 41.19 (12.96-
18 (40.0) 4 (1.6) <0.01
130.95)
Missing 1(2.2) 6 (2.4) NA
MSI
Low/stable 31 (68.9) 229 (93.1) reference
High 6.08 (2.73-
14 (31.1) 17 (6.9) <0.01
13.55)
Missing 0(0.0) 2(0.8) NA

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence
interval; MSI, microsatellite instability

"By the American Joint Cancer Committee on Cancer (AJCC) system, 7" edition.
T The right-sided colon is defined as the cecum to the splenic flexure of the colon. The

left-sided colon is defined as the region from the descending colon to sigmoid colon.
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Table 3. Distribution of CIMP-high or CIMP-low/negative according to clinicopathologic variables stratified by age. Chi-square test, and Fisher’s exact test

were used for statistical analysis>.

Age<50 Age=50
Variable, N (%) CIMP-high CRC CIMP-low/negative CRC  p-value CIMP-high CRC CIMP-low/negative CRC p-value
(N=14) N=75) N=31) N=173)
Sex
Male 8(57.1) 47 (62.7) 14 (45.2) 88 (50.9)
Female 6 (42.9) 28 (37.3) 0.70 17 (54.8) 85 (49.1) 0.56
Stage
1-3 5 (35.7) 59 (74.7) 27 (87.1) 149 (86.1)
4 9 (64.3) 16 (25.3) <0.01F 4(12.9) 24 (13.9) 1.00°
Histology
Mucinous adenocarcinoma 1 (7.1) 227 2 (6.5) 5(2.9)
Not Mucinous adenocarcinoma 13 (92.9) 73 (97.3) 0.41F 29 (93.6) 167 (97.1) 0.29"
Tumor grade
Low 11 (78.6) 69 (92.0) 28 (90.3) 161 (93.1)
High 2 (14.3) 4(5.3) 0.22F 3(9.7) 9(5.2) 0.40°
Missing 1 (7.1) 22.7) 0 (0.0) 3(1.7)
Primary tumor sideft
Left-sided + rectum 9 (64.3) 60 (80.0) 14 (45.2) 117 (67.6)
Right-sided 5 (35.7) 15 (20.0) 0.29F 17 (54.8) 56 (32.4) 0.02
72
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Wild type
Mutation
Missing

BRAF V600E
Wild type
Mutation
Missing

MSI

Low/stable
High

Missing

9 (64.3)
5 (35.7)

0 (0.0)

8 (57.1)
6 (42.9)

0 (0.0)

11 (78.6)
3 (21.4)

0 (0.0)

50 (66.7)
23 (30.7)

227)

71 (94.7)
227)

227)

69 (92.0)
6 (8.0)

0(0.0)

0.76F

<0.01"

0.15"

19 (61.3)
12 (38.7)

0 (0.0)

18 (58.1)
12 (38.7)

0 (0.0)

20 (64.5)
11(35.5)

0 (0.0)

108 (62.4)
62 (35.8) 0.81

3(1.7)

167 (96.5)
2(1.2) <0.01F

3(1.7)

160 (93.6)
11 (6.4) <0.01F

2(1.2)

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence interval; MSI, microsatellite instability.

FFisher’s exact test

73

doi:10.6342/NTU202300311



Table 4. Distribution of CIMP-high or CIMP-low/negative according to risk factors of CRC in overall patients and stratified by age. Logistic regression was

used for statistical analysis’.

Age<50 AgeéSO
CIMP-high CRC CIMP-low/negative OR (95% CI) p-value CIMP-low/negative p-value CIMP-high CIMP-low/negative p-value
Variable, N (%) CIMP-high CRC OR (95% CI) OR (95% CI)
CRC CRC CRC CRC
(N =45) (N =248) high vs. low/negative high vs. high vs.
(N =14) (N=75) (N=31) (N=173)
low/negative low/negative
Family history
None 42 (93.3) 218 (87.9) reference 13 (92.9) 68 (90.7) reference 29 (93.55) 150 (86.7) reference
3 (6.7) 30 (12.1) 0.52 (0.15-1.7 0.30 0.79 0.30
Yes 1(7.1) 7(9.3) 0.75 (0.09-6.60) 2 (6.45) 23 (13.3) 0.45(0.10-2.01)
8)
Colorectal
polyp
0 32 (71.1) 209 (85.3) reference 12 (85.7) 70 (93.3) reference 20 (64.5) 139 (81.8) reference
>1 13 (28.9) 36 (14.7) 2.36(1.13-4.92) 0.02 2(14.3) 5(6.7) 2.33(0.41-13.43)  0.34 11 (35.5) 31(18.2) 2.47(1.07-5.67) 0.03
BMI at diagno
sis (kg/m?),
WHO criteria
<25 29 (64.4) 162 (65.7) reference 7 (50.0) 51 (68.0) reference 22 (71.0) 112 (64.7) reference
25-29 14 (31.1) 70 (28.2) 1.12 (0.56-2.26) 0.74 6(42.9) 18 (24.0) 2.43 (0.72-8.19) 0.15 8(25.8) 52(30.1) 0.78 (0.33-1.88) 0.58
> 30 2 (44 15 (6.1) 0.75 (0.16-3.45) 0.71 1(7.1) 6 (8.0) 1.21(0.13-11.63)  0.87 1(3.2) 9(5.2) 0.57 (0.07-4.69) 0.60
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BMI at diagno
sis (kg/m?)
<275
> 275
DM

None
Yes
Hyperlipidemia
None
Yes

NSAIDs use

None

HRT

37 (82.2)

8 (17.8)

37 (82.2)

8 (17.8)

31 (68.9)

14 BL1)

41 (91.1)

4 (8.9)

45 (100.0)

0 (0.0)

205 (82.7)

43 (17.3)

201 (81.4)

46 (18.6)

189 (76.2)

59 (23.8)

234 (94.7)

13 (5.3)

243 (98.4)

4 (1.6)

reference

1.03 (0.45-2.37)

reference

0.95 (0.41-2.16) 0.89

reference

1.45 (0.72-2.90) 0.30

reference

1.76 (0.55-5.65) 0.35

reference

NA NA

0.94

9 (64.3)

5(35.7)

14 (100.0)

0(0.0)

13 (92.9)

1(7.1)

13 (92.9)

1(7.1)

14 (100.0)

0 (0.0)

63 (84.0)

12 (16.0)

72 (96.0)

3(4.0)

64 (85.3)

11 (14.7)

75 (100.0)

0(0.0)

75 (100.0)

0(0.0)

reference

2.92 (0.83-10.24)

reference

NA

reference

0.45 (0.05-3.77)

reference

NA

reference

NA

0.09

0.98

0.46

0.99

NA

28 (90.3)

3(9.7)

23 (74.2)

8(25.8)

18 (58.1)

13 (41.9)

28 (90.3)

3(9.7)

31 (100.0)

0 (0.0)

142 (82.1)

31179

129 (75.0)

43 (25.0)

125 (72.25)

48 (27.75)

159 (92.4)

13 (7.6)

168 (97.7)

4(2.3)

reference

0.49 (0.14-1.72)

reference

1.04 (0.43-2.51)

reference

1.88 (0.86-4.13)

reference

1.31 (0.35-4.90)

reference

NA

0.12

0.98

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus; NSAIDs, non-steroidal anti-inflammatory drugs; HRT, hormone replacement therapy; WHO, world health organization.
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Table 5. Multivariate analysis for the association between CIMP-high CRC and clinicopathological variables
in overall patients, patients with age < 50y and age > 50y°.

Overall Age <50y Age = 50y

Variable, N (%) OR (95% CI) p-value OR (95% CI) p-value OR(95% CI) p-value

high vs. low/negative high vs. low/negative high vs. low/negative
Egﬁf‘;.ydé‘émor site as 155 (0.67-3.60) 030 1.62 (0.69-3.82) 0.27
MSI-high 5.64 (2.06-15.45) <0.01 5.86 (2.07-16.60) <0.01
Colorectal polyp 1.33 (0.49-3.61) 0.58 1.38 (0.54-3.58) 0.50
BRAF V600E 38.86 (11.60-130.12)  <0.01
Stage IV at diagnosis 10.021 (2.430-41.326)  <0.01
BMI (> 27.5 kg/m?) 5.657 (1.211-26.418) 0.03

BRAF V600F mutation was excluded in multivariate logistic regression in patients with age <50y and age > 50y
because of few events were noted.

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence interval; BMI, body mass
index.
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Table 6. Distribution of CIMP-high or CIMP-low/negative according to clinicopathologic variables stratified
by gender. Chi-square test, and Fisher’s exact test were used for statistical analysis’.

Variable, N (%)

Male

Female

CIMP-high CRC

CIMP-low/negative CRC  p-value

CIMP-high CRC

CIMP-low/negative CRC p-value

(N=22) (N =135) (N=23) (N'=113)
Age
<50 8 (36.4) 47 (34.8) 6 (26.1) 28 (24.8)
=50 14 (63.6) 88 (65.2) 0.89 17 (73.9) 85(75.2) 0.89
Stage
1-3 15 (68.2) 115(85.2) 17 (73.9) 94 (83.2)
4 7 (31.8) 20 (14.8) 0.077 6 (26.1) 19 (16.8) 0.37°F
Histology
Mucinous adenocarcinoma 2 (9.1 5@3.7) 1(44) 2 (1.8)
Not Mucinous adenocarcinoma 20 (90.9) 130 (96.3) 0.25" 22 (95.7) 110 (98.2) 0.43F
Tumor grade
Low 19 (86.4) 124 (91.9) 20 (87.0) 106 (93.8)
High 2 (9.1) 6(4.4) 0.31F 3(13.0) 7(6.2) 0.37F
Missing 1 (4.5 5@3.7) 0(0.0) 0(0.0)
Primary tumor sideft
Left-sided and rectum 12 (54.6) 98 (72.6) 11 (47.8) 79 (30.1)
Right-sided 10 (45.5) 37 (27.4) 0.13 12(52.2) 34 (69.9) 0.04
RAS
Wild type 10 (45.5) 89 (65.9) 18 (78.3) 69 (61.1)
Mutation 12 (54.6) 42 (31.1) 0.04 521.7) 43 (38.1) 0.13
Missing 0 (0.0) 4(3.0) 0(0.0) 1(0.9)
BRAF V600OE
Wild type 14 (63.6) 127 (94.1) 12 (52.2) 111 (98.2)
Mutation 7 (31.8) 3(2.2) <0.01F 11 (47.8) 1(0.9) <0.01°
Missing 1 (4.5 5@3.7) 0(0.0) 1(0.9)
MSI
Low/stable 16 (72.7) 125 (92.6) 15 (65.2) 104 (92.0)
High 6 (27.3) 8(5.9) <0.01" 8 (34.8) 9(8.0) <0.01°
Missing 0 (0.0) 2(1.5) 0(0.0) 0(0.0)

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence interval; MSI, microsatellite instability.

FFisher’s exact test.
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Table 7. Distribution of CIMP-high or CIMP-low/negative according to risk factors of CRC stratified by gender. Logistic regression was used for statistical
analysis’.

Male Female
Variable, N (%) CIMP-high CRC  CIMP-low/negative CRC OR (95% CI) p-value CIMP-high CRC ~ CIMP-low/negative CRC ~ OR (95% CI) R-VAE
(N =14) (N =75) high vs. low/negative (N=31) (N=173) high vs. low/negative
Family history
None (92;5) 113 (83.7) reference 21 (91.3) 105 (92.9) reference
Yes 1(4.6) 22(16.3) 0.25 (0.03-1.91) 0.18 2(8.7) 8 (7.08) 1.25 (0.25-6.31) 0.79
Colorectal polyp
0 16 (72.7) 110 (82.7) reference 16 (69.6) 99 (88.4) reference
>1 6(27.3) 23 (17.3) 179 (0.63-5.08) 027 7(30.4) 13 (11.6) 3.33 (1.16-9.62) 0.03
BMI (kg/m2) at diagnosis,
WHO criteria
< 25 13(59.1) 78 (57.8) reference 16 (69.6) 85(75.2) reference
25-29 7(31.8) 49 (36.3) 0.857 076 7(30.4) 21 (18.6) 1771 027
>30 2(9.1) 8(5.9) 1.500 0.63 0(0.0) 7(6.2) NA NA
BMI (kg/m?) at diagnosis
<275 17(77.3) 109 (80.7) reference 20 (87.0) 96 (85.0) reference
>275 5(22.7) 26(19.3) 1.233 0.70 3(13.0) 17 (15.0) 0.847 080
DM
None 17 (77.3) 114 (85.1) reference 20 (87.0) 87 (77.0) reference
Yes 5(22.7) 20 (14.9) 1.68 (0.56-2.06) 036 3(13.0) 26 (23.0) 0.50 (0.14-1.82) 030
Hyperlipidemia
None 16 (72.7) 104 (77.0) reference 15 (65.2) 85(75.2) reference
Yes 6(27.3) 31(23.0) 126 (0.45-3.497)  0-66 8 (34.8) 28 (24.8) 1.62 (0.62-4.22) 0.32
NSAIDs use
None 21 (95.5) 128 (94.8) reference 20 (87.0) 106 (94.6) reference
Yes 1(4.6) 7(5.2) 0.87(0.10-7.44) 090 3 (13.0) 6(5.4) 2.65 (0.61-11.48) 0.19
HRT
None (13(?.0) 135 (100.0) reference 23 (100.0) 108 (96.4) reference
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Yes 0(0.0) 0(0.0) NA NA 0(0.0) 4(3.6) NA 0.98

Abbreviations: CIMP, CpG island methylator phenotype; OR, odds ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus; NSAIDs, non-steroidal anti-inflammatory drugs; HRT,
hormone replacement therapy; WHO, world health organization.
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Table 8. Clinicopathological features in patients with BRAF V600E-mutated colorectal cancer!?.

De novo metastatic

Characteristic
MSS, N= 54 (100%)

Age (years)

Median 51

Range 26-79
Sex

Male 30 (55.6)

Female 24 (44.4)
Stage

1-3 0(0)

4 54 (100)
Histology

Adenocarcinomat 54 (100)

Mucinous adenocarcinoma 0 (0)
Tumor grade

Low 43 (79.6)

High 10 (18.5)

Missing 1(1.9)
Location of primary tumor

Left-sided 20 (37.0)

Right-sided 34 (63.0)
Metastatic site

Liver-limited 14 (25.9)

Peritoneum 23 (42.6)
First-line chemotherapy

Triplet 8 (14.8)

Doublet 41 (75.9)

Fluoropyrimidine 3(5.6)

monotherapy

No 2(3.7)
First-line targeted therapy

Bevacizumab 29 (53.7)

Cetuximab 8 (14.8)

Abbreviations: MSS: microsatellite stable; NA: not available

TOne patient had adenocarcinoma rich in signet ring cells.
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Table 9. Immune cells in Cox proportional hazard model for hazard ratios of progression-free
survival and overall survival in patients with de novo metastatic MSS BRAF V600E-mutated

CRC™.

Progression-free survival

Overall survival

Immune cell HR (95% CI) p -value HR (95% CI) p -value
B cell 0.72 (0.52-0.98) 0.039 1.08 (0.78-1.50) 0.631
CDA4 T cell 0.61 (0.43-0.86) 0.005 0.83 (0.59-1.16) 0.276
CD8 T cell 1.03 (0.77-1.39) 0.842 0.96 (0.68-1.37) 0.832
Cytotoxic cell 1.19 (0.89-1.59) 0.251 1.01 (0.75-1.37) 0.937
Dendritic cell 1.19 (0.86-1.64) 0.290 1.41 (0.98-2.02) 0.061
Exhausted CDS8 1.11 (0.82-1.51) 0.500 1.08 (0.77-1.52) 0.653
Macrophage 1.14 (0.87-1.47) 0.340 1.11 (0.84-1.48) 0.463
Mast cell 0.99 (0.71-1.37) 0.944 1.20 (0.87-1.67) 0.270
Neutrophil 1.08 (0.81-1.43) 0.602 1.05 (0.76-1.44) 0.781
NK CD56dim cell 1.05 (0.74-1.48) 0.793 1.06 (0.75-1.52) 0.725
NK cell 1.05 (0.79-1.38) 0.746 1.15 (0.86-1.55) 0.350
T cell 0.91 (0.66-1.25) 0.552 0.90 (0.64-1.26) 0.536
Thl cell 1.03 (0.76-1.40) 0.848 0.99 (0.71-1.38) 0.968
Treg 0.90 (0.64-1.27) 0.538 0.98 (0.73-1.32) 0.918

Abbreviation: CI: confidence interval; HR: hazard ratio. NK: natural killer; Th1: T helper 1; Treg: T

regulatory cell
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Table 10. Immune checkpoints link to B and T cell signaling in Cox proportional hazard model for

hazard ratios of progression-free survival and overall survival in patients with de novo metastatic

MSS BRAF V600E-mutated CRC!24,

Progression-free survival

Overall survival

Checkpoints
CD40LG
CD40
CD80
CD86
ICOS
ICOSLG
CD274
PDCD1
CD28
CTLA4

HR (95% CI)
0.73 (0.49-1.10)
1.12 (0.81-1.56)
1.09 (0.78-1.51)
1.1 (0.81-1.50)

0.92 (0.68-1.24)
0.69 (0.49-0.97)
1.25 (0.87-1.77)
0.81 (0.56-1.18)
0.93 (0.63-1.37)
0.82 (0.6-1.12)

p-value
0.136
0.503
0.631
0.541
0.589
0.034
0.224
0.273
0.705
0.215

HR (95% CI)
0.62 (0.43-0.89)
1.61 (0.87-1.56)
1.01 (0.75-1.36)
1.11 (0.84-1.47)
0.71 (0.51-0.977)
1.03 (0.73-1.45)
1.19 (0.86-1.66)
0.93 (0.68-1.28)
0.99 (0.72-1.39)
0.74 (0.53-1.04)

p-value
0.01
0.319
0.946
0.476
0.035
0.888
0.301
0.661
0.992
0.086

Abbreviation: CI: confidence interval; HR: hazard ratio.
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Table 11. Complement genes in the Cox proportional hazards model for hazard ratios of progression-free survival and

overall survival in patients with de novo metastatic MSS BRAF V600E mutant CRC'2*,

Progression-free survival

Overall survival

Complement genes HR (95% CI) p -value HR (95% CI) p -value
Classical pathway

C1S 1.54 (1.10, 2.14) 0.010 1.18 (0.81, 1.72) 0.378
CIR 1.46 (1.03, 2.06) 0.030 1.15 (0.77, 1.70) 0.490
C1QA 1.35 (0.99, 1.84) 0.050 1.52 (1.04, 2.22) 0.029
C1QB 1.33 (0.98, 1.80) 0.062 1.37 (0.97, 1.91) 0.068
C1QBP 0.84 (0.62, 1.14) 0.279 0.85 (0.60, 1.19) 0.352
C2 1.00 (0.75, 1.32) 0.984 1.28 (0.96, 1.70) 0.090
C4B 1.00 (0.74, 1.35) 0.971 1.06 (0.77, 1.44) 0.732
Lectin pathway

MBL2 1.26 (0.93, 1.72) 0.129 1.46 (1.04, 2.04) 0.027
MASP1 1.09 (0.78, 1.43) 0.507 1.24 (0.73, 1.45) 0.154
MASP2 0.76 (0.54, 1.05) 0.106 0.96 (0.65, 1.40) 0.845
Alternative pathway

CFB 0.93 (0.69, 1.26) 0.679 1.07 (0.77, 1.46) 0.684
CFD 0.75 (0.54, 1.03) 0.077 1.02 (0.76, 1.37) 0.875
Complement regulators

CD46 0.93 (0.69, 1.26) 0.657 0.82 (0.58, 1.15) 0.264
CD55 0.97 (0.70, 1.34) 0.876 0.68 (0.46, 1.00) 0.053
CFI 1.20 (0.91, 1.60) 0.187 1.02 (0.75, 1.39) 0.884
CFP 1.01 (0.53, 1.03) 0.967 0.78 (0.65, 1.41) 0.226
SERPINGI 1.64 (1.18, 2.27) 0.003 1.20 (0.83, 1.72) 0.331
CD59 1.09 (0.82, 1.45) 0.537 1.47 (1.61, 2.02) 0.020
CR1 1.01 (0.69, 1.46) 0.976 1.54 (0.51, 1.17) 0.009
C4BPA 0.68 (0.84, 1.44) 0.013 0.92 (0.92, 1.66) 0.611
Terminal pathway

C3 1.28 (0.91, 1.79) 0.147 1.29 (0.87, 1.90) 0.198
Cs 1.24 (0.90, 1.70) 0.181 1.01 (0.74, 1.32) 0.925
) 1.06 (0.68, 1.18) 0.701 1.03 (0.66, 1.25) 0.851
Cc7 1.19 (0.87, 1.63) 0.250 0.90 (0.62, 1.27) 0.538
C8A 1.11 (0.81, 1.54) 0.493 1.00 (0.65, 1.52) 0.988
C8B 0.92 (0.63, 1.35) 0.696 0.86 (0.55, 1.32) 0.497
C9 0.89 (0.65, 1.24) 0.521 0.96 (0.67, 1.36) 0.834
Complement receptors

ITGB2 0.99 (0.73, 1.33) 0.957 1.11 (0.80, 1.52) 0.518
ITGAX 0.90 (0.68, 1.18) 0.458 0.91 (0.66, 1.25) 0.563
ITGAM 1.13 (0.86, 1.49) 0.364 1.16 (0.86, 1.55) 0.334
C3AR1 1.07 (0.81, 1.41) 0.617 1.27 (0.93, 1.71) 0.119
CR2 0.74 (0.50, 0.92) 0.081 0.96 (0.65, 1.28) 0.829

Abbreviation: CI: confidence interval; CRC: colorectal cancer. HR: hazard ratio. OS: overall survival. PFS:

progression-free survival.
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Table 12. Univariate and multivariate analyses through a Cox proportional hazards model for hazard ratios of progression-free survival and overall survival in patients with de
novo metastatic MSS BRAF V600E mutant CRC'?,

Progression-free survival Overall survival

Variable Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
HR (95% CI) p-value  HR (95% CI) p -value HR (95% CI) p-value  HR (95% CI) p -value
(BH correction) (BH correction)
Complement score (High)  1.91 (1.06-3.44)) 0.032 1.62(0.88-2.98) 0.123 2.35(1.24-4.48)  0.009 2.44 (1.26-4.70)  0.008
(0.123) (0.008)
Sex (Male) 1.56 (0.85-2.97) 0.15 1.18(0.62-2.23)  0.61
Primary tumor site (Right)  0.81 (0.42-1.56) 0.52 0.97 (0.48-1.99) 0.94
Tumor grade (High) 1.90 (0.86-4.17) 0.11 4.52 (1.99-10.3) <0.001 5.00(2.14-11.7)  <0.001
(0.002)
Liver-limited metastasis 0.90 (0.49-1.63) 0.72 1.04 (0.55-1.98) 0.89
Peritoneum metastasis 0.83 (0.35-1.99) 0.68 0.42 (0.15-1.22) 0.11
First-line chemotherapy 2.14 (1.10-4.14) 0.02 2.08 (1.03-4.17)  0.040 1.24 (0.61-2.49)  0.55
doublet vs. (0.067)
fluoropyrimidine
monotherapy
First-line chemotherapy 0.81 (0.44-1.49) 0.50 1.05 (0.56-1.99)  0.88
triplet vs.
fluoropyrimidine
monotherapy
First-line targeted therapy ~ 0.37 (0.11-1.25) 0.11 0.28 (0.08-1.00)  0.050 0.44 (0.13-1.48) 0.18
— Bevacizumab (0.067)
First-line targeted 0.26 (0.06-1.08) 0.063 0.20 (0.05-0.90)  0.035 0.37 (0.09-1.60) 0.18
therapy—Cetuximab (0.067)

Abbreviation: CI: confidence interval; CRC: colorectal cancer. HR: hazard ratio. MSS: microsatellite stable. OS: overall survival. PFS: progression-free survival. BH:
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Benjamini & Hochberg multiple testing correction method
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